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INTRODUCTION
The MOF (males absent on the first) MYST family member affects ataxia telangiectasia mutated (ATM) function in response to DNA damage and is essential for cell viability, proliferation, autophagy, and oncogenesis (Bhadra et al., 2012; Fü llgrabe et al., 2013; Gupta et al., 2005; Li et al., 2010; Sharma et al., 2010; Taipale et al., 2005) . MOF acetylates the lysine 16 residue of histone H4 (H4K16), and this modification is critical for the DNA damage response (DDR), as depletion of MOF abrogates repair of double-strand breaks (DSBs) by both the nonhomologous end-joining (NHEJ) and homologous recombination (HR) pathways (Sharma et al., 2010) . Highly upregulated in the S and G2 phase, DNA DSB repair begins with the nucleolytic resection of the 5 0 strands of the DNA break ends to generate 3 0 singlestranded DNA. Although NHEJ is also functional in cells at G2 phase (Kakarougkas et al., 2013) , the proximity of the appropriate sister chromatid or homologous chromosomes is likely a key regulatory step for preferential initiation of HR. The potential role of chromatin modifying factors in facilitating the HR pathway remains unknown. It is known, however, that the end resection of DNA DSB to permit repair by HR is activated by cyclin-dependent kinase (CDK) phosphorylation of CtIP (Sartori et al., 2007) , the 5 0 DNA resection nuclease in S/G2. In G1, this process is blocked by 53BP1 (also called TP53BP1) , a well-known DDR factor that is recruited to nuclear structures at DNA damage sites forming readily visualized ionizing radiation (IR)-induced foci. Depletion of 53BP1 results in genomic instability in human as well as mouse cells, and its absence also results in cell-cycle arrest in G2/M phase. The 53BP1 protein is classified as an adaptor/mediator, because it is required for processing of the DDR signal and as a platform for recruiting additional repair factors involved in both DSB repair and cell-cycle control. It has been proposed that the key determinant in choosing the preferred DSB repair pathway lies in the initial processing of the DSB ends, which is regulated during the cell cycle (Symington and Gautier, 2011) . For instance, in cells at G1 phase, 53BP1 inhibits DNA end resection of DSBs, thus favoring repair by the NHEJ pathway. However, in S/G2 phase, end resection of DNA DSB is initiated at the 5 0 DSB to produce a 3 0 single-stranded overhang that facilitates HRmediated repair (Bothmer et al., , 2011 Symington and Gautier, 2011; West, 2003) . Thus, 53BP1 is a critical determinant in choosing the appropriate DSB repair pathway in G1 and S/G2 phase cells (Chapman et al., 2012) .
Inhibition of DNA end-resection by 53BP1 during the G1 phase is required (Anbalagan et al., 2011; Bonetti et al., 2010) in order to shift the repair pathway to the NHEJ pathway (Morales et al., 2003; Nakamura et al., 2006; Oksenych et al., 2012; Ward et al., 2003; Zimmermann et al., 2013) , because a homologous DNA template is not available to carry out HR-dependent repair. Conversely, inhibition of 53BP1 activity by BRCA1 in S/G2 phase cells appears to be critical because there is increased genomic instability in BRCA1-deficient cells due to 53BP1-dependent NHEJ repair during S/G2, as a result of resection suppression (Bunting et al., 2010) . Callen and colleagues have reported that PTIP (also known as PAXIP) contributes to DNA DSB repair pathway preference, because cells deficient for PTIP are tolerant of DNA damaging agents that are toxic to cells deficient in DSB repair via the HR pathway, arguing that PTIP-like 53BP1 plays a critical role in NHEJ Escribano-Diaz and Durocher, 2013) .
The cellular response to IR and DNA DSB repair depends on the protein kinase ATM (Matsuoka et al., 2007; Pandita et al., 2000; Pandita, 2003; Shiloh and Ziv, 2013) , which is influenced by MOF. In addition to binding chromatin (Sharma et al., 2010) , MOF also associates with ATM (Gupta et al., 2005; Sharma et al., 2010) . In this study, we present evidence that MOF is phosphorylated at the threonine 392 residue (pT392-MOF) by ATM subsequent to IR-induced DNA damage. Phosphorylation of MOF by ATM is functionally significant because it was required to facilitate recruitment of HR-related repair proteins to DNA damage sites during S/G2 phase. Our results provide mechanistic insights into the potential role of pT392-MOF in regulating key proteins involved in choosing the appropriate DNA DSB repair pathway.
RESULTS

ATM-Dependent Phosphorylation of MOF
Given the importance of MOF in DNA repair (Gupta et al., 2014; Peterson and Almouzni, 2013; Sharma et al., 2010) , we first asked whether IR exposure induces phosphorylation of MOF. Analysis of MOF immunoprecipitated from human cell extracts with a pan-phospho-serine antibody detected basal-level MOF serine phosphorylation that was unchanged after irradiation and unaffected by cellular ATM status ( Figure 1A ). In contrast, IR induced MOF threonine phosphorylation in an ATM-dependent manner ( Figure 1A ). Antibody for ATM-specific SQ/TQ phosphorylation sites also detected a postirradiation increase in MOF phosphorylation in ATM expressing cells. KU55933 blocked the increase in MOF SQ/TQ phosphorylation, confirming the ATM dependence of MOF phosphorylation after IR exposure ( Figure 1B) . The human and mouse MOF sequences contain only one SQ and one TQ site ( Figure S1A ). Substitution of MOF threonine 392 with alanine (T392A) resulted in loss of ATMdependent IR-induced phosphorylation. Western blot analysis of immunoprecipitated MOF from control and irradiated cells with a polyclonal rabbit phosphospecific T392-MOF antibody revealed an increase in endogenous pT392-MOF postirradiation ( Figure 1C) . Similarly, Flag-tagged MOF expressed in 293T cells also displayed increased Flag-MOF-T392 phosphorylation postirradiation ( Figure 1C ), whereas phosphorylation of Flag-tagged MOF-T392A was not detected ( Figure 1C ). This result confirms that the single MOF TQ site at threonine 392 is the only IR-and ATM-dependent MOF phosphorylation site ( Figure 1A) . In an in vitro kinase assay (Gupta et al., 2005; Lee and Paull, 2004) , ATM directly phosphorylates MOF ( Figure 1D ) but not the MOF-T392A mutant ( Figure 1D ). Postirradiation phosphorylation of MOF-T392 is also independent of ATR ( Figure 1E ) further confirming ATM as the responsible kinase ( Figure 1E ). Cellular levels of MOF protein in G1 and S/G2 phase cells were similar and unaffected by irradiation but the IR-induced increase in pT392-MOF levels was highest in S/G2 phase cells ( Figure 1F ). Mutation of the ATM phosphorylation site in MOF-T392A had no effect on MOF acetylation activity, whether measured by in vitro histone H4K16 acetylation (Figures 1G and S1B) or MOF autoacetylation in vivo ( Figure 1H ). This result is consistent with PONDER analysis of the wild-type MOF and MOF-T392A protein structures (Obradovic et al., 2005) , which indicated no major structural differences were introduced by the threonine/alanine substitution, whereas the phospho-mimic MOF-T392E mutation induced localized structural changes ( Figure S1C ). Together, these results suggest that ATM-dependent phosphorylation may regulate MOF functions.
Role of MOF Phosphorylation during S and G2 Phases
Expression of MOF-T392A in cells cotransfected with small interfering RNA (siRNA) specific for the endogenous MOF 3 0 UTR did not result in any major changes in cell viability 96 hr posttransfection (Figures S2A and S2B ; data not shown). Despite a reduction of endogenous MOF to nearly undetectable levels ( Figure S2A ), H4K16ac levels were largely preserved over this time period (Figure S2C ) when MOF-T392A was expressed, which is consistent with the in vitro ( Figures 1G and S1C ) and in vivo ( Figure 1H ) acetylation results. However, after exposure to IR, there was significantly reduced survival of MOF-siRNA transfected exponentially growing cells, an outcome partially rescued by MOF-T392A expression ( Figure 2A ). The partial rescue suggested that the role of MOF phosphorylation may be limited to a specific phase(s) of the cell cycle. This possibility was examined further by analysis of synchronized cell populations. Cells with or without expression of MOF-T392A, with and without depletion of endogenous MOF (Figures S2D and S2E) were enriched in G1 phase by serum depletion, in S phase by thymidine block and in G2/M phase (Table S1 ) by releasing from thymidine block for measurement of survival postirradiation. Mutant MOF-T392A expression did not alter the survival of irradiated G1 phase cells ( Figure 2B ). In contrast, S as well as G2/M phase cells expressing mutant MOF-T392A with depleted endogenous MOF (Figures S2D and S2E) had reduced cell survival after IR exposure as compared to cells expressing wild-type MOF ( Figures 2C and 2D ). The survival differences were not due to dominant-negative effects, as the endogenous MOF was simultaneously depleted by specific siRNA or cre-mediated gene deletion or a resistant MOF was expressed ( Figures S2C, S2D , and S3A-S3C; data not shown).
Furthermore, phospho-mimic MOF-T392E expression in cells depleted of endogenous MOF, did not show increased cell killing postirradiation, neither in exponential phase cells or G1, S, or G2 phase-enriched cells (Figures 2A-2D ), confirming the role of phospho-MOF in S and G2 phase cell survival postirradiation.
We ascertained the effect of MOF-T392A expression on the frequency of IR-induced chromosomal and chromatid-type aberrations observed at metaphase: (1) G1-specific aberrations are mostly of the chromosomal type (dicentric with acentric fragment), with a few involving chromatids in human ( Figure S4A) ; (2) S-type aberrations are both chromosome as well as chromatid type in human (Figure S4B ) and; (3) G2-type aberrations are predominantly the chromatid type with the least number of dicentrics in human cells ( Figure S4C ) (Gupta et al., 2005) . Similar aberrations were also examined in G1, S, and G2 phase mouse cells ( Figures S4D-S4H ). No differences were found in residual IR-induced G1-type chromosomal aberrations in cells with and without expression of mutant MOF-T392A, whereas cells with MOF depletion alone had an increased number of G1-type chromosome aberrations ( Figure 2E ). Cells with MOF depletion alone had much higher IR-induced S phase-specific residual chromatid/chromosome aberrations as observed at metaphase (Figure 2F) compared to control siRNA-treated cells. Expression of the phosphorylation mutant MOF-T392A in these cells failed to rescue this defect. As in S phase cells, a higher frequency of chromosomal aberrations was observed in MOF-depleted G2 phase cells, which could not be complemented by MOF-T392A mutant expression ( Figure 2G ). The increase in S-or G2-type chromosome aberrations could possibly be due to cell-cycle checkpoint defects that can affect chromosome repair, but analysis of irradiated G2 phase cells treated with caffeine indicated the increased frequency of G2-type chromosomal aberrations was independent of mutant MOF-T392A ( Figure 2H ). This suggests that the higher frequency of G2-specific chromosome aberrations observed in cells with mutant MOF-T392A is not due to a cell-cycle checkpoint defect. The ability of the T392A (D) The ATM kinase assay was performed as described (Gupta et al., 2005) . The GST-MOF and the recombinant MRN complex was expressed in Sf21 insect cells with a baculovirus system and purified by nickel affinity, ion exchange, and gel filtration chromatography (Gupta et al., 2005) (legend continued on next page) phosphorylation defective MOF mutant to complement wildtype MOF depletion in G1 phase but not in S/G2 phase cells suggests an important role for MOF phosphorylation in the HR repair pathway. Furthermore, we also validated the data in mouse cells in which endogenous MOF was subjected to cre-mediated deletion and mutant MOF-T329A or wild-type MOF was expressed ( Figures S3B and S3C ). MOF deletion resulted in loss of cell proliferation ( Figure 2I ). No defect in G1 chromosome repair postirradiation was observed in mouse cells expressing MOF-T392A ( Figure 2E ), whereas a defect in repair of S-and G2-type chromosomes was observed ( Figures 2J-2L ), results consistent with those in human cells.
We directly tested whether mutant MOF-T392A impacts either or both DNA DSB repair pathways by using engineered cell lines that express a fluorescent protein only upon repair of I-SceIinduced DSBs by the appropriate pathway (Sharma et al., 2010) . Accurate repair of the NHEJ-dependent fluorescent protein gene template was restored by mutant MOF-T392A expression in MOF-depleted cells ( Figure 2M ), further confirming that MOF phosphorylation is not required for DSB repair by the NHEJ pathway. This is also consistent with the normal chromosomal damage repair observed in G1 phase cells complemented with mutant MOF-T392A after endogenous MOF depletion (Figures 2E and 2J) .
The reconstitution frequency of a GFP HR reporter gene within a chromosomally integrated plasmid substrate Pierce et al., 1999) was used to measure the dependence of HR on MOF-T392 phosphorylation. In cells depleted of endogenous MOF, expression of the MOF-T392A failed to rescue the HR repair defect as the number of GFP-positive cells was not significantly increased ( Figure 2N ), whereas MOF-T392E phospho-mimic expression did rescue the defect. These data suggest that MOF phosphorylation at T392 is required for DNA DSB repair by the HR pathway but not by NHEJ. We also observed that after I-SceI induction the total levels of MOF do not change, but the level of phosphorylated MOF significantly increased ( Figure 2O ).
MOF Phosphorylation at DNA DSBs
Endogenous MOF is phosphorylated at T392 postirradiation ( Figure 1C ) and a pT392-MOF-specific antibody readily detects IR-induced foci formation ( Figure 3A) . Human or mouse cells with MOF depletion did not show any IR-induced pT392-MOF-specific foci ( Figures 3B and 3C ). Furthermore, in cells expressing either Flag-tagged wild-type or Flag-tagged mutant MOF-T392A, the phospho-specific MOF antibody only detected IR-induced pT392-MOF foci in cells expressing wild-type MOF, not mutant MOF-T392A ( Figure 3D ). IR-induced pT392-MOF foci were observed in cells with ATM ( Figure S5A ), and IRinduced p-T392-MOF foci colocalized with p-S1981-ATM, g-H2AX, 53BP1, BRCA1, and RAD51 foci ( Figures 3E-3G , S5B, and S5C). However, the appearance and disappearance kinetics of pT392-MOF foci were slower than those of g-H2AX foci (Figure 4A) suggesting that phosphorylated MOF foci may have a role in the processing of a specific type of DNA DSB repair. Because MOF is phosphorylated by ATM, we examined whether expression of MOF-T392A influences the appearance and disappearance of p-S1981-ATM foci, and as expected mutant MOF had no influence on ATM foci formation but did delay the disappearance of p-S1918-ATM foci ( Figure 4B ). Next, we determined whether loss of T392-MOF phosphorylation influenced g-H2AX foci kinetics ( Figure 4C ). Cells expressing mutant MOF-T392A did not show any major difference in H4K16ac levels compared to cells expressing wild-type MOF ( Figure S1B ), and the initial appearance of IR-induced g-H2AX foci was similar at 2 hr postexposure ( Figure 4C ). However, by 4 or 6 hr postirradiation there was a higher frequency of residual g-H2AX foci in cells expressing MOF-T392A as compared to cells expressing wild-type MOF ( Figure 4C ).
53BP1 Interaction with Phosphorylated MOF
It is known that 53BP1 enhances DSB repair by NHEJ and blocks the recruitment of resection proteins associated with DSB repair by HR (Bouwman et al., 2010; Bunting et al., 2010; Tang et al., 2013) . Cells expressing mutant MOF-T392A had higher levels of residual 53BP1 foci ( Figure 4D ) as well as RIF1 foci ( Figure 4E modestly reduced. To determine whether the altered ATM kinetics was due to altered retention of mutant MOF postirradiation, we expressed Flag-tagged wild-type and mutant MOF-T392A in HEK293 cells ( Figure S2D ), exposed the cells to 5 Gy, and after increasing intervals isolated and crosslinked the DNA for Flag antibody immunoprecipitation. The association of wildtype MOF with DNA increased postirradiation, whereas MOF-T392A association with DNA did not significantly increase ( Figure 5C ), suggesting that phosphorylation enhances MOF chromatin binding. We examined MOF retention in G1 and S/G2 phase-enriched cells ( Figures 5D and 5E ) and found a significant increase in the retention of wild-type MOF in S/G2 phase cells, whereas no significant increase in mutant MOF retention was observed. To avoid any competitive interference with MOF-T392A binding to chromatin, endogenous MOF was depleted using UTR-specific siRNA. Conversely, we determined whether expression of mutant MOF-T329A affects the association of wild-type MOF with chromatin by quantitating chromatin-bound MOF and MOF-T392A in cells expressing Flag-tagged MOF-T392A and HA-tagged wild-type MOF after endogenous MOF depletion cells by UTR-specific siRNA (Figure S2D ) and quantitated MOF and MOF-T392A bound to chromatin ( Figure S5B ). Prior to irradiation, MOF-T392A expression does decrease wild-type MOF association with chromatin, but upon irradiation wild-type MOF and not mutant MOF-T392A showed enhanced association with chromatin ( Figure S6 ). We further examined the effect of the MOF-T392A mutation on ATM chromatin association in irradiated cells by isolating soluble and chromatin-bound fractions ( Figures 5F and 5G) . In Flagtagged MOF-T392A expressing cells, as compared to wildtype-transfected cells, western blot analysis of the chromatinbound proteins indicated there was a significant decrease in chromatin-associated ATM. In addition, we found that MRE11 binding to chromatin is also reduced postirradiation in cells expressing MOF-T392A cells (Figures 5H and 5I) . Phosphorylation of MOF-T392 postirradiation, therefore, enhances chromatin retention of MOF and a subset of other critical proteins required for DNA damage repair.
Expression of mutant MOF-T392A affected DNA DSB repair in S and G2 phase cells, where homologous recombination is upregulated. Because 53BP1 is known to suppress DSB repair by HR, we examined the cellular interaction of wild-type and mutant MOF with 53BP1 before and after irradiation. Immunoprecipitation studies indicated a fraction of both wild-type ( Figures 6A-6C ) as well as mutant MOF-T392A ( Figures 6D-6F ) associated with 53BP1 under nonstress conditions, and the interaction was not disrupted by ethidium bromide ( Figure S7A ). The interaction of wild-type MOF with 53BP1 increases immediately postirradiation and then decreases until, by 3 hr postirradiation, the complex largely disappeared. Only later, at 12 hr postirradiation, did the MOF/53BP1 complex reform to control levels ( Figures 6B and 6C) . In contrast, the association of mutant MOF-T392A with 53BP1, while also increasing following irradiation does not decline, being stable over the next 6 hr period ( Figures 6E and 6F) . To further confirm the in-cell association of wild-type MOF and mutant MOF-T329A, we have used an in situ proximity ligation assay (PLA), in which the close physical association of two proteins is visualized by a fluorescent signal (Fredriksson et al., 2002; Sö derberg and Lang, 2006) . Both wild-type and mutant MOF-T392A associated with 53BP1, but, whereas the 53BP1/MOF interaction declined by 2 hr postirradiation, the mutant MOF-T392A did not dissociate from 53BP1 over the course of 6 hr postirradiation recovery, a result similar to the immunoprecipitation studies ( Figures 6G-6I ). Together, these results suggest a mechanism whereby phosphorylation of MOF at T392 may be required for 53BP1 release from DSB sites, a step required prior to recruitment of proteins involved in DSB repair by HR.
The protein domains involved in the MOF and 53BP1 interaction were mapped by deletion analysis. Binding of purified 53BP1 to GST-tagged MOF deletion mutants identified the MOF N-terminal region between amino acids 65-165 as mediating 53BP1 binding ( Figure 6J ). Similar analysis using wholecell extracts expressing mutants of 53BP1 identified the 53BP1 N-terminal domain as required for interaction with added, purified GST-MOF ( Figure 6K ). The domains of hMOF and interaction with 53BP1 were conducted as described previously (Gupta et al., 2005) . (K) Mapping of hMOF binding site in 53BP1: (a) 293T cells were transfected with either 53BP1 WT-FLAG or truncated 53BP1-FLAG. (b) hMOF-GST fusion protein was expressed in bacteria, and immobilized hMOF was incubated with the whole-cell lysates prepared from 53BP1 WT-FLAG (1-1,973 aa), 53BP1 DBRCT-FLAG (1-1,711 aa), 53BP1 DN/DC FLAG (1,220-1,711 aa), and 53BP1D1/2N FLAG (618-1,711 aa). After extensive washing, bound fractions were resolved in SDS-PAGE and western blot with FLAG M5 antibody (Sigma).
pT392-MOF Is Critical for Resection during HR Repair
Because depletion of MOF reduces the formation of IR-induced RAD51 foci, a hallmark of HR (Sharma et al., 2010) , we examined further the effect of pT392-MOF mutation on recruitment of HR components to DSBs. The frequency of RIF1 colocalization with 53BP1 is significantly higher in postirradiated cells expressing MOF-T392A than in control cells ( Figures 7A and S7B) . Consistent with results that p-T392-MOF has a role in HR, a reduced frequency of cells with IR-induced BRCA1, CtIP, RAD51, RPA2, MRE11, RAP80, and FANCD2 foci was found in mutant MOF-T392A-expressing cells (Figures 7B-7H) , supporting a direct link between DSB repair by HR and phosphorylation of MOF-T392.
To further determine the role of MOF phosphorylation in DNA repair protein recruitment, we compared the levels of BRCA1, RAD51, MRE11 and KU80 at different distances from an I-SceIinduced DSB site using ChIP analysis with specific primers ( (legend continued on next page) (Table S1) , with and without expression of mutant MOF-T392A, were induced for I-SceI site cleavage and analyzed by ChIP for RAD51, MRE11, KU80, MOF, and Flag-tagged MOF-T392A. In G1 phase cells, the localization and increase in KU80 at close proximity to the DSB break was unaltered by MOF-T392A expression, whereas levels of RAD51 at the break site were significantly reduced in G1 phase cells expressing wild-type or mutant MOF ( Figure 7I) . A modest impact of MOF-T392A on the recruitment of RAD51 was observed in G1/S cells, where the levels were relatively low as compared to cells expressing wildtype MOF (Figures 7J and 7K) . However, in S/G2 phase cells the high levels of RAD51 or MRE11 that localized near the break in cells expressing wild-type MOF were significantly reduced in cells expressing mutant MOF-T392A ( Figures 7L and 7M) .
The reduced level of RAD51 at the DSB site in MOF-T392A-expressing cells could be due to altered recruitment of BRCA1; therefore, we examined the localization of 53BP1 and BRCA1 in G1 and S/G2 phase cells expressing wild or mutant MOF-T392A. Although BRCA1 colocalizes with p-T329-MOF foci postirradiation, no direct interaction was observed between BRCA1 and MOF by coimmunoprecipitation ( Figure S7C ). The levels of RAD51 was similar in cells expressing wild-type or mutant MOF-T392A ( Figure S7D) ; maximum 53BP1 association at the DSB site was observed in G1 phase cells expressing either wild-type or mutant MOF-T392A, whereas minimum levels of BRCA1 were observed ( Figure S7E ). In contrast, maximum levels of BRCA1 and minimum levels of the 53BP1 at the DSB site were observed in S/G2 phase cells expressing wild-type MOF, but MOF-T392A expression reduced BRCA1 levels and increased 53BP1 levels at the DSB site ( Figure S7F ).
DISCUSSION
We have identified a mechanism whereby ATM-dependent phosphorylation of MOF threonine 392 regulates 53BP1-dependent recruitment of proteins involved in the cell-cycle-specific selection between NHEJ and HR DNA DSB repair. Cells depleted for MOF fail to recruit MDC1 and its downstream effectors 53BP1 and BRCA1 to DNA damage foci (Li et al., 2010) . Similar to ATM deficiency, endogenous MOF depletion also results in an overall defect in DNA DSB repair throughout all phases of the cell cycle (Gupta et al., 2005; Hittelman, 1992a, 1992b; Pandita et al., 1999; Sharma et al., 2010) . The loss of ATMdependent MOF phosphorylation has no effect on IR-induced G1 phase cell killing, chromosome damage repair, or MDC1 foci formation. In contrast, MOF-T392 phosphorylation is critical for cell survival and chromosome damage repair in S and G2 phase. Interestingly, ATM-dependent-MOF phosphorylation increases MOF retention on DNA postirradiation in S/G2 phase cells. Furthermore, the fact that there is a reduced frequency of cells with HR-related repairsome foci after MOF-T392A expression strongly supports the argument that ATM-dependent phosphorylation of MOF regulates recruitment of HR-related proteins during the S/G2 phases of the cell cycle.
The 53BP1 protein has been implicated in the regulation of DNA DSB pathway choice (Morales et al., 2003; Ward et al., 2003; Zimmermann et al., 2013) , and the first effector of 53BP1 was identified to be RIF1 (Chapman et al., 2013; Di Virgilio et al., 2013; Escribano-Diaz and Durocher, 2013; Feng et al., 2013; Zimmermann et al., 2013) . In BRCA1-deficient cells, suppression of DNA end resection (Bunting et al., 2010) is critical, and 53BP1 as well as the 53BP1-interacting protein RIF1 have been shown to be required for inhibition of resection. Accumulation of RIF1 at DSB sites results from its binding to phosphorylated 53BP1 (Anbalagan et al., 2011; Bonetti et al., 2010) , and the frequency of RIF1/53BP1 foci colocalization increases in cells expressing the MOF-T392A mutant. These results support the notion that phosphorylated-MOF plays an essential role in regulating recruitment of HR-related proteins to the damaged sites. Furthermore, we have shown that expression of mutant MOF-T392A results in failure of 53BP1 displacement and reduced BRCA1 accumulation at a DSB site during the S/G2 phase of the cell cycle. Cumulatively, we have shown that in response to DNA damage, ATM phosphorylates MOF, which promotes dissociation of a complex containing 53BP1 and MOF from the site of damage in S/G2 phase cells in order to allow for subsequent recruitment of the resection machinery facilitating HR-dependent repair. As such, this ATM-dependent MOF posttranslational modification mediates DNA DSB repair pathway choice according to the cell-cycle position.
EXPERIMENTAL PROCEDURES
Cell Survival and Chromosomal Aberration Analysis Cell survival and chromosomal aberration analyses were carried out as described previously . Cell enrichment in different phases was achieved by serum deprivation as well as thymidine block (Table S1 ). For serum deprivation, cells were incubated until confluence, washed, and incubated for 48 hr in serum-free medium. Cell-cycle analysis by flow cytometry revealed that more than 95% of cells were in G1 phase of the cell cycle Hittelman, 1992a, 1992b) . For S and G2 phase, cells were enriched by thymidine block and then released. MOF mutants (MOF-T392A and MOF-T392E) were generated by site-directed mutagenesis, then cloned into pcDNA3.1 vector, and transfected into 293T, RKO, and U2OS cells. siRNA treatment of cell lines was performed as described (Gupta et al., 2005 Pandita, 2006) . Mutant generation, siRNA transfection, immunofluorescence, and protein retention assay were carried out as previously described Gupta et al., 2005 Gupta et al., , 2008 Gupta et al., , 2009 Hunt et al., 2007; Kumar et al., 2011; Pandita et al., 1999 Pandita et al., , 2006 Pandita, 2006; Sharma et al., 2003a Sharma et al., , 2003b Sharma et al., , 2010 Singh et al., 2013) . Site-directed mutagenesis of MOF-T392 as well as in vitro kinase assays were performed to confirm that MOF-T392 phosphorylation is ATM dependent. A rabbit pT392-MOF polyclonal antibody was generated. Phosphorylated MOF-T392 foci were determined by immunostaining. The impact of MOF phosphorylation on IR response was determined by (I-L) Detection of repair proteins at I-SceI-induced DSB sites by ChIP. Cell synchronization, cell-cycle analysis, I-SceI-induced DSB, and ChIP analysis were done according to the described procedure (Rodrigue et al., 2006) clonogenic assay and by measuring chromosome aberrations at metaphase in cells expressing mutant or wild-type MOF. Endogenous MOF was depleted by UTR-specific MOF-siRNA in cells expressing mutant MOF.
Immunofluorescence, Microirradiation, and Protein Retention Assay The procedure for immunofluorescence analysis was the same as previously described Gupta et al., 2009; Hunt et al., 2007; Pandita et al., 1999 Pandita et al., , 2006 . For microirradiation, cells transfected with YFP-labeled ATM or 53BP1 were grown on glass-bottom culture dishes and then microirradiated, and the signal was quantified as described (Sharma et al., 2010) . The frequency of colocalization between two proteins was determined by the procedure described previously (Asaithamby et al., 2011) . The procedure for protein retention assay is same as described (Sharma et al., 2003a (Sharma et al., , 2003b .
Western Blot Analysis, IP, ChIP, and GST Pull-Down Assay Western blot analysis, immunoprecipitation (IP) chromatin immunoprecipitation (ChIP), and GST pull-down assay were performed as described in Supplemental Experimental Procedures.
Histone Acetyl-Transferase Assay Plasmid pGEX-4T1 carrying the open reading frame for GST-MOF was mutagenized to generate T392A and T392E versions. The wild-type and mutant GST-MOF proteins were expressed in BL21(DE3) cells and were affinity purified on glutathione Sepharose beads. Equal amounts of the proteins were incubated with Xenopus core histones, 50 mM Tris (pH 7.5), 100 mM NaCl, and acetylCoA. Acetylation efficiency was determined by western blotting with antisera specific for H4K16ac.
In Situ Proximity Ligation Assay 293T cells transiently expressing FLAG-tagged WT or MOF-T392A were grown overnight in 16-well chamber slides and were fixed with 4% paraformaldehyde and permeabilized with 0.2% Tween 20, followed by incubation with a primary antibody for FLAG for MOF (mouse; Sigma-Aldrich) versus gH2AX (rabbit; GENTEX) or FLAG versus 53BP1 (rabbit). The PLA assay was performed using the Duolink PLA kit from OLink Bioscience.
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